Water Air Soil Pollut (2026) 237:169
https://doi.org/10.1007/s11270-025-08868-1

®

Check for
updates

Exploring CuO/Nano Graphitic Carbon Nitride Composites
as Photocathode in Photocatalytic Fuel Cells

Kang-Zheng Khor - Soon-An Ong -
Nabilah Aminah Lutpi - Yunhai Wang -
Jai-Xien OrYang - Li-Ngee Ho

Received: 22 August 2025 / Accepted: 12 November 2025
© The Author(s) 2025

Abstract Photocatalytic fuel cells (PFCs) offer a sus-
tainable approach to energy conversion from organic
pollutants, but their efficiency is often hindered by the
cathode, which has a slow oxygen reduction reaction
(ORR) and limits the transportation of electrons to the
cathode from the photoanode. In this study, CuO/nano
2-CsNa composites with different CuO ratios were syn-
thesized and loaded onto carbon plates as cathodes to
enhance ORR activity for Reactive Red 120 (RR120)
degradation and generation of electricity in the PFC
system. The synthesized nano g-C;N, and its compos-
ites were characterized with Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), UV-Vis diffuse
reflectance spectroscopy (UV—Vis DRS), nitrogen
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adsorption—desorption analysis and field emission scan-
ning electron microscopy (FE-SEM). The results dis-
closed that the application of CuO/nano g-C;N, as the
cathode under dual photoelectrode configuration pro-
moted charge separation and facilitated electron transfer
and achieved optimal PFC performance, with a 98.46%
removal efficiency and maximum power density (P,,,),
1.351 mW/m?, which was 167.15% higher than the pris-
tine nano g-C;N,. These discoveries highlighted the
potential of CuO-modified nano g-CsNa4 composites in
improving ORR efficiency and generating electricity.

Highlights

e Incorporating CuO into nano-g-C;N, improved
the maximum power output and organic pollutant
degradation efficiency.

e The highest CuO-to-nano g-C;N, ratio did not
lead to improved electricity generation perfor-
mance in the PFC system.

e The dual-photoelectrode configuration signifi-
cantly enhanced the overall performance of the
PFC system.

e The kinetic rate constant for dye degradation was
influenced by the band gap of the electrocatalyst.

Keywords Photocatalytic fuel cell - CuO/nano
g-C;N, composites - Cathodic catalyst - Wastewater
treatment - Electricity generation - Degradation
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1 Introduction

In recent years, growing technological advancements
and global concerns about environmental disruption
and energy resources have driven significant atten-
tion toward clean and sustainable energy technologies
like photocatalytic fuel cells (PFCs) due to their eco-
friendly nature, high efficiency, and ease of operation.
In PFCs, the overall system performance is greatly
influenced by several factors, including the photocata-
Iytic activity of the photoanode, radical reactions in
the solution, and the cathode reaction, oxygen reduc-
tion reaction (ORR) (Ong et al., 2021). The efficient
performance of energy conversion systems such as
fuel cell technologies heavily relies on the ORR, a
crucial electrochemical process at the cathode. Elec-
trocatalysts, or cathodic catalysts, and their surface
science are vital components that directly influence
the ORR kinetics (Bentley et al., 2019; Liu et al.,
2020). The ORR at the cathode governs the consump-
tion of electrons in the PFC, which directly impacts
the generation of photogenerated holes at the photo-
anode, power output, and their associated oxidation
reactions (Lee et al., 2018; Ong et al., 2021). How-
ever, at the cathode, the sluggish kinetics of the ORR,
which is significantly slower than the electron genera-
tion rate at the photoanode, often lead to substantial
energy losses and hinder the overall performance
of these systems (Alemany-Molina et al., 2022; Li
et al., 2024). Thus, enhancing ORR efficiency at the
cathode is a critical pathway to improving PFC per-
formance, which necessitates the development of
advanced cathodic catalysts that can accelerate ORR
while ensuring high stability and cost-effectiveness
for efficient energy conversion technologies. Cur-
rently, platinum-based catalysts are the most widely
used cathode materials due to their high ORR activ-
ity (Madima & Raphulu, 2025; Ouyang et al., 2022).
Nonetheless, their high cost and limited availability
make them impractical for large-scale applications,
highlighting the need for alternative, cost-effective
catalysts such as graphitic carbon nitride (g-C;N,)
and copper oxide (CuO), which is a transition metal
oxide with a positive redox potential in the electro-
chemical series, as platinum, can promote oxygen
activation and electron transfer in ORR, making it a
promising candidate as a cathodic catalyst.

Graphitic carbon nitride (g-CsNa) is a potential
photocatalyst because of its unique structural and
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electronic properties, including a tunable bandgap,
high thermal stability, and excellent chemical robust-
ness. Additionally, its two-dimensional structure with
abundant surface-active sites makes it highly attrac-
tive for photocatalytic applications (Li et al., 2021;
Taghipour et al., 2022). Despite these advantages, the
limited conductivity, inadequate light utilization and
rapid recombination of charge carriers by photogen-
eration in pristine g-CsNa hinder its catalytic perfor-
mance, particularly in ORR (Anjumol et al., 2023).
Modifying pure g-CsN4 with transition metal oxides,
including CuO, has become a viable strategy to get
beyond its drawbacks. CuO, a semiconductor (p-type)
with a narrow bandgap (1.2 eV) and excellent redox
activity, is a highly efficient ORR/OER catalyst due
to its electron-accepting properties, which enhance
charge separation and thereby enhance the overall
photocatalytic performance of the composite (Kum
et al., 2013). Additionally, CuO offers favorable
electrochemical properties, environmental friendli-
ness, and strong oxygen reduction catalytic ability
for oxygen reduction (Shang et al., 2022; Yap et al.,
2021). The synergy between nano g-CsN4 and CuO is
believed to not only facilitate ORR kinetics but also
broaden the light absorption range, making the com-
posite an ideal candidate as the cathodic catalyst in
PFCs.

The most recent studies have explored g-CsNa-
based materials for various applications in electro-
chemical, including their use as photocatalysts, elec-
trocatalysts, and photoanodes in photoelectrochemical
cells for hydrogen production, as well as in PFCs
for environmental remediation and energy recovery
(Arulkumar et al., 2024; Qiao et al., 2024; Wu et al.,
2023). However, despite its potential, research on
using CuO-g-CsN, composites as a cathodic catalyst
in PFCs remains largely unexplored. Based on our
understanding and knowledge, the studies concerned
on utilizing CuO/nano g-CsN: composites specifi-
cally as cathodic catalysts in PFC systems. Exploring
this underutilized aspect could unlock new possibili-
ties for enhancing PFC performance by leveraging
g-CsN4’s photocatalytic capabilities for ORR. This
gap in research highlights the novelty and importance
of the current study. In this work, we attempted to
evaluate and compare the CuO/nano g-CsNa4 compos-
ites as cathodic catalysts on the carbon plate for PFCs
under single and dual photoelectrodes configuration,
respectively. It is worth pointing out that this is the
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first time that CuO/nano g-C;N, composites have
been used as a photocathode, which was coated on
a carbon (C) plate in the PFC system. By investigat-
ing the complementary properties of CuO and nano
2-CsNa, the study seeks to address the critical chal-
lenges in ORR and provide a sustainable and efficient
alternative resolution to improve the performance of
PFC systems.

2 Experimental Details
2.1 Chemicals

Reactive Red 120 (RR120) (C,4H3;CLN;4,0,,S¢),
from Sigma Aldrich (St. Louis, MO, USA), was used
as the pollutant. A 95% purity of ethanol, C,H;OH,
and ethylene glycol, (CH,OH), from HmbG Chemi-
cals, were used in this research. Copper (II) acetate,
CHgCuO,eH,0 (R&M Chemicals), melamine,
with the molecular formula, C;H¢Ng supplied by
Sigma Aldrich (St. Louis, MO, USA), and zinc (II)
oxide, ZnO, from HmbG Chemicals, were used in the
cathodic catalyst synthesis and photocatalyst, respec-
tively. The chemicals used were scientific grade.

2.2 Nano Graphitic Carbon Nitride (Nano g-C;N,)
Synthesis

The synthesis method of nano g-C;N, was modi-
fied from the procedure outlined by Madankar et al.
(2025). The nano g-C;N, was synthesized by cal-
cining melamine to 580 °C for 4 h with a 10 °C/min
heating rate. Then, the synthesized nano g-C;N, com-
posite was cooled to room temperature and ground
into powder.

2.3 CuOf/nano g-C;N, Composites Synthesis

CuO/nano g-C;N, composites were synthesized
by calcining C,HcCuO,eH,O and C;H¢Ny under
controlled conditions in a muffle furnace. Firstly,
the CuO/nano g-C;N, composites with varied
compositions were prepared with a mass ratio of
C,H,CuO,eH,0:C;H(N, in 0.5:9.5, 1:9, and 2:8,
and labelled as Cu0.5GCN9.5, CulGCN9, and
Cu2GCNS,  respectively. C,H,CuO,eH,O and
C;H¢N, were mixed well, then heated up to 580 °C
for 4 h with a 10 °C/min heating rate. Finally, the

synthesized CuO/nano g-C;N, composite was cooled
to room temperature and ground into a powder.

2.4 Preparation of Electrodes

The electrodes were divided into cathode and
anode. The cathodes included the nano g-C;N,/C,
Cu0.5GCN9.5/C, CulGCNY/C, and Cu2GCNS/C,
and an anode of ZnO/C was prepared using the
immobilization method. Carbon plates with dimen-
sions of 5.00 cm X 3.00 cm X 0.30 cm were used as the
substrate of the electrodes. Firstly, the carbon plates
were cleaned thoroughly by ultrasonic cleaning in
distilled water and ethanol. For the anode, 30 ml of
distilled water was added to 2.0 g of commercialized
ZnO0, then stirred to mix well for 10 min, and the mix-
ture was evenly dispersed on the carbon plate. After
that, the prepared ZnO/C was put in the oven for 4 h
at 60 °C, followed by heat treatment for 2 h at 300 °C
with a 5 °C/min heating rate.

For the cathodes, the synthesis method of nano
g-C3sNs was adopted from our previously reported
work with modifications (Khor et al., 2025). A 10 ml
mixture of distilled water and ethylene glycol was
added to 0.3 g of synthesized nano g-C;N, powder
and stirred to mix well for 10 min. The nano g-C;N,
suspension was then evenly dispersed on the car-
bon plate. The loaded nano g-C;N,/C was put in the
oven for 2 h at 60 °C, followed by heat treatment for
15 min at 200 °C with a 5 °C/min heating rate. The
same procedures were used to fabricate cathodes for
Cu0.5GCN9.5/C, CulGCNY/C, and Cu2GCNS/C.

2.5 Construction of Single and Dual Photoelectrodes
Configurations PFC Systems

The single photoelectrode configurations and dual
photoelectrodes configurations of the PFC system
were constructed as depicted in Fig. S1 (a) and (b),
respectively. All the electrodes used in the system
were prepared in a 5.00x3.00x0.30 cm. A 1 kQ
external resistor was connected to the fabricated
anode and cathode in the PFC system. For all the
experiments, a 400 mL beaker was filled with 300
mL of RR120 dye solution at an initial concen-
tration of 10 mg L', and the solution was con-
tinuously stirred using a magnetic stirrer. Air was
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supplied and controlled into the dye solution at a 1
L/min flow rate by aeration stones and air pumps. A
36 W/78, 315-400 nm, 2G11 ultraviolet A (UVA)
lamp from Osram Dulux was placed on the anode
side of the beaker at 7 cm as a light source to irradi-
ate the photoelectrode in the single photoelectrode
PFC system while for the dual photoelectrodes PFC
system, UVA lamps were placed on both side of the
beaker at 7 cm as a light source to irradiate the pho-
toelectrodes. A 2 cm distance was fixed between the
anode and cathode. The PFC system was carried out
at ambient temperature for a 6 h reaction time. Each
experiment was replicated three times for accuracy
purposes and the average values are presented as
the results.

2.6 Materials Characterization

A Bruker (Model: D2 Phaser) X-ray diffraction
(XRD) was applied to confirm the structural phase
of the synthesized cathodic catalysts. The XRD
results were recorded in a 20 scan range at 5°- 80°
with a 5°/min scanning rate. Fourier transform
infrared spectra (FTIR) of the as-synthesized nano
g-C;N, and CuO/nano g-C;N, powder were attained
by a Perkin Elmer spectrophotometer (Model:
Spectrum RX1 Spectrometer), by inspection of the
samples in the 450-4000 cm~! wavelength range.
The elemental compositions and oxidation state
of the synthesized samples were revealed using a
Thermo Scientific X-ray photoelectron spectroscopy
(XPS) (model: K-Alpha). The morphology of the
samples was characterized using a field emission
scanning electron microscope (FE-SEM) (Model:
Nova NanoSEM 450). A thin layer of platinum was
coated on the samples by a JEOL auto fine coater
machine (Model: JFC-1600) to improve the produc-
tion of secondary electrons and avoid charging. The
bandgap energy of the samples was confirmed using
a spectrophotometer (Model: Cary 100, Agilent).
Micromeritics TriStar 3000 V6.06 with nitrogen
adsorption—desorption analysis was used to confirm
the specific surface area of all samples.

2.7 PFC Performance Analysis

The degradation efficiency of the organic pol-
lutant was determined by using an UV-vis
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spectrophotometer (Model: ME-UV1200PC Mesulab,
China) at A,,, =536 nm to measure the absorbance of
the samples. The removal efficiency was determined
by using Eq. (S1) (Supplementary Information). The
dye decolourisation rate was calculated using pseudo-
first-order kinetics. In this model, the apparent rate
constant, kapp was determined from the slope of the
plot of In (Cy/C) versus time (t) based on Eq. (S2) in
Supplementary Information.

A ZX2le, adjustable resistor box from China, was
used to perform the polarization test by varying the
R, from 10 Q to 1 M Q, and the voltage output was
observed using a CD800a, Sanwa multimeter from
Japan. The current density, J,, and power density,
P, were determined based on Eq. (S3) and Eq. (S4),
respectively (Supplementary Information).

The recyclability and transient photocurrent of the
Cu0.5GCN9.5 were investigated through five con-
secutive cycles of experiments. After each 6-h cycle
of the PFC experiment, the electrode was allowed to
dry in the oven and reused for the subsequent PFC
experiments.

3 Results and Discussion
3.1 Phases and Morphological Analysis

Figure 1 illustrates the FTIR spectra of nano g-C;N,
and different ratios of CuO coupling with nano
g-C;N,. A peak at 810 cm™' evidenced the triazine
units (C;H;N;) of nano g-C;N,, and the C=N stretch-
ing of nano g-C;N, was related to peaks at 1568 and
1650 cm™. Furthermore, the stretch of aromatic C-N
was proved by the peaks appearing at 1231, 1319, and
1409 cm™!, while the adsorbed H,0 molecules (inter-
molecular-hydrogen bond interactions) and termi-
nal amine units (NH or NH, groups) at the aromatic
ring defect sites were correlated to the relatively
broad peak at 3100 cm™' (Fahimirad et al., 2017).
For all the synthesized CuO/nano g-C;N, compos-
ites, the band that appeared at 500-700 cm™' could
be due to the vibrational modes of CuO (Sharma
et al.,, 2020; Sudha et al., 2021). The peak around
1622 cm™! could be due to C=C (Sudha et al., 2021).
In addition, it was observed that as the wt.% of CuO
increased, the peaks at 683.5 cm, indicating the
presence of CuO became more prominent. Mean-
while, the peak at 1624 cm! also intensified while
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Fig. 1 FTIR pattern
of (a) nano g-C;N,,
(b) Cu0.5GCN9.5,
(¢) CulGCN9 and (d)
Cu2GCNS8
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the peaks at 1315 cm™! and the broad peak between

3000-3500 cm ™' decreased.

Moreover, the peak between 3000-3500 cm™'
declined suggests that CuO undergoes deamination
during the self-polymerization of melamine at rela-
tively high temperatures (Almeida et al., 2024; Chen
et al., 2017). The 1315 cm™! peak reduction may be
due to the respective proportions of nano g-C;N, and
Cu or the formation of Cu-Nx species in the synthe-
sized cathodic catalysts. The Cu atoms coordinated
with N atoms could decrease the stretching or the
skeletal vibrations of the triazine or heptazine rings.
Therefore, the FTIR analysis suggests the constitution
of Cu-Nx species, particularly in the Cu0.5GCNO.5,
CulGCN9 and Cu2GCNS cathodic catalysts, due to
the Cu atoms coordinated with N atoms in the tri-s-
triazine units (Zhu et al., 2019). These observations
confirm the successful synthesis of nano g-CsNa and
the coupling of CuO in the nano g-CsNa composites.

Figure 2 represents the XRD patterns of nano
g-C;N, and different ratios of CuO coupling with
nano g-C;N,. Figure 2 (a) shows the diffraction peaks
of nano g-CsNa corresponding to a hexagonal crys-
tal structure (JCPDS 87-1526, space group P62m),
with two characteristic peaks observed at~13.0°
and~27.9° (Bojdys et al., 2008; Fina et al., 2015;
Nasit et al., 2025). These correspond to the in-plane

Wavenumber (cm™)

motif (100) and the stacking of the graphitic carbon
nitride sheet (002), respectively (Maluangnont et al.,
2023). The precursor, melamine, condensed and trig-
gered the constitution of tris-s-triazine units. These
units were arranged into plates, which then inter-
connected through m-n* interactions, leading to the
aggregation of several layers. As a result, a significant
peak at around 27° was observed in the synthesized
materials. This peak is associated with the (002) of
the (h k ) diffraction plane, defined by the interplanar
aromatic interaction in the aromatic heptazine rings
n-n* interactions (Zandipak et al., 2024). Addition-
ally, the diffractogram of nano g-C;N, shows another,
broadened peak located at approximately 13°, with
(100) plane is due to the intralayer packing motif
(Sunasee et al., 2019).

Figure 2 (b-d) presents the coupling of CuO with
nano g-C;N, at different ratios. In comparison to
Fig. 2 (a), additional diffraction peaks appeared at
36.03°, 39.23°, 49.30°, 58.27°, 61.96°, 66.44°, and
68.36° corresponding to (002), (111), (—202), (202),
(—=113), (=311) and (220) lattice planes, respec-
tively. These peaks could be assigned to CuO (JCPDS
48-1548). This phenomenon indicates that CuO was
successfully incorporated with nano g-C;N,. Moreo-
ver, it can be observed that when the CuO couples
with nano g-C;N,, the characteristic diffraction peaks

@ Springer
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Fig. 2 XRD pattern
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of g-CsNs are retained with shift of 0.3° to 0.6° in 20
at 27.9°, which about 1.03-2.07% in lattice param-
eter ¢ at the (002) reflections, as shown in Fig. 2.
These shifts indicate that lattice distortion occurred
in nano g-C;N,, which could be due to the incorpo-
ration of CuO altering the original arrangement of
nano g-C;N, and affecting the stacking between the
layers (Riazati & Sheibani, 2025; Zhu et al., 2021).
Furthermore, as the wt.% of CuO increased, the rela-
tive intensity of CuO increased, while the peak inten-
sities of nano g-C;N, at approximately 13° and 27.9°
gradually decreased and eventually diminished in the
Cu2GCNS8 sample for the peak at 13°. This indicates
a strong interaction between nano g-C;N, and CuO
and lattice distortion of the g-C;N, structure upon
incorporation of CuO (Sinha et al., 2025). Taken
together, the XRD results and complementary FTIR
analysis confirm that nano g-CsNs and CuOf/nano
g-CsNa composites were successfully synthesized
Figure 3 shows the FE-SEM images of (a) nano
g-C3N,, (b) Cu0.5GCN9.5, (¢) CulGCN9 and (d)
Cu2GCNS, respectively. Figure 3 (a) demonstrated
that the nano g-C;N, appeared as exfoliated, loosely
arranged nanosheets approximately 2-3 um in size,
with irregular agglomerates present along the edges.
This observation aligned with the XRD results, where
the condensation of the melamine precursor led to
the formation of tris-s-triazine units. These units
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polymerized into sheets that interacted through m-m*
stacking, resulting in the aggregation of multiple lay-
ers. Apart from that, the rough surfaces and presence
of the fluffy edges of nano g-CsN4 indicate a thinner
and dwindled structure at the nanoscale. As CuO was
introduced, Fig. 3 (b — d) reveals that the CuO/nano
2-CsNa composites exhibited a flake-like morphology,
with agglomerates along the edges disappearing, and
CuO nanoparticles appearing on the g-CsN4 matrix.
This agrees with the XRD analysis, which indicates
there is lattice distortion occurred during the thermal
polymerization of CuO/nano g-CsN. composites. In
Fig. 3 (b), the layered structure began to fragment.
At the same time, some lamellar features remained,
the nano g-CsNa layers became more dispersed, and
surface roughness increased, indicating that CuO dis-
rupted the orderly stacking of nano g-CsNa. This rela-
tively rough surface was favorable in increasing the
active sites of CuO/nano g-C;N, composites, which
cooperated in enhancing ORR. As the CuO content
increased in CulGCN9 (Fig. 3 (c)), the disruption
intensified, leading to a more agglomerated structure
with diminished layering. In Fig. 3 (d), Cu2GCNS,
the nano g-Cs;Na layers were almost completely lost,
replaced by heavily agglomerated clusters with sig-
nificant surface roughness. The gradual loss of the
layered structure with increasing CuO content likely
increased active sites but reduced surface area and
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Fig. 3 FE-SEM image of (a) nano g-C;N,, (b) Cu0.5GCN9.5, (¢) CulGCNO and (d) Cu2GCN8

structural uniformity. This may improve the degra-
dation efficiency of photocatalysis by enhancing the
contact between the nanocomposite and organic pol-
Iutants (Jeevarathinam & Asharani, 2024).

3.2 Specific Surface Area Analysis

To evaluate the surface and pore properties of the
prepared samples, N, adsorption—desorption iso-
therms at 77 K were carried out. The nitrogen
adsorption—desorption isotherms of nano g-C;N,
and various CuO-to-g-C;N, ratios are shown in
Fig. S2. According to the IUPAC classification, all
the synthesized photocathode materials exhibited
type IV adsorption—desorption isotherm with a H3
type hysteresis loop, suggesting mesopore structures
(diameter 2-50 nm) in the matrix with non-compact
plate-like particles or slit-shaped pores that did not
fully close upon desorption (Ong et al., 2021; Wang

et al., 2021). Additionally, the sharp rise in adsorp-
tion at high relative pressures (P/P,) suggested the
internal of mesopores have capillary condensation, a
feature consistent across all samples, likely inherent
pore structure of the materials (Wang et al., 2021).
Fig. S3 demonstrates the pore size distribution curves
of nano g-C;N,, Cu0.5GCN9.5, CulGCN9 and
Cu2GCN8 with pore sizes predominantly ranging
from 20 to 50 nm, confirming mesoporous structures
existed in all samples. Table 1 shows the specific sur-
face area (Sgg), t-plot micropore surface area (S,;.,,)
and t-plot external surface area (S.,,) of the synthe-
sized samples. The BET results revealed that nano
g-C;N,, had the highest specific surface area (71.2520
m?> g7!), followed by Cu0.5GCN9.5 (48.1588
m? g7!), CulGCN9 (45.3213 m? g™, and Cu2GCN8
(24.9898 m? g~ 1). These results were in line with the
FE-SEM results, which suggest that nano g-C;N, pro-
duced a thin and porous structure. Furthermore, the

@ Springer
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Table 1 Specific surface area (Sggy), t-plot micropore surface
area (S,,.,) and t-plot external surface area (S,) of cathodic
catalyst

Catalyst Sper (Mm% g71)  t-plot t-plot S, (m* g™1)
Sjern (m*
g
Nano g-C;N,  71.2520 5.9958  65.2562
Cu0.5GCN9.5 48.1588 13.5507  34.6081
CulGCN9 45.3213 13.1138  32.2074
Cu2GCNS8 24.9898 6.6795  18.3102

results demonstrate that the coupling of CuO con-
tent reduced the surface area of nano g-C;N,, with a
marked reduction as the CuO content increased from
5 wt.% to 20 wt.%. This decline in surface area could
be due to the CuO nanoparticles blocking the pores
of g-C;N,, thus limiting the available surface area for
CuO/nano g-C;N, composites. Meanwhile, T-plot
analyses further reveal the contributions of micropore
surface area (S;.,) and external surface area (S,)
to the total surface area of the cathodic catalysts
(SEET=Smicro T Sex) (Zeng et al., 2020). As shown in
Table 1, generally, it can be observed that when CuO
is incorporated into nano g-C;N,, the S, of the
CuO/nano g-C;N, composites increased compared to
pure nano g-C;N,. This could be due to CuO particles
that created stress during thermal treatment, possibly
leading to pore collapse or shrinkage in the layered
nano g-CsNs structure. However, as the CuO content
increased, both S ;.. and S, decreased. This trend
indicated that higher CuO ratios lead to more pore
blockage, reducing both microporosity and external
surface area. These structural changes reflected the
diminishing surface area and porosity of the compos-
ites, particularly as CuO content reached 20 wt.%,
where severe agglomeration significantly reduced
overall porosity. This phenomenon was compatible
with the FE-SEM results, where the S, and S,
were reduced by the agglomerated and attached CuO
with the increment of CuO content.

3.3 Elemental Composition and Chemical State
Analysis

The elemental composition and chemical states of

the synthesized cathodic catalyst, Cu0.5GCNO.5,
were analyzed using XPS. As shown in the chemical
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survey scan spectrum (Fig. 4), the presence of carbon
(C 1s), nitrogen (N 1s), copper (Cu 2p), and oxygen
(O 1s) was confirmed, thereby indicating the success-
ful integration of nano g-CsNs with CuO. Moreover,
this finding aligns with the results of XRD and FTIR
analysis, further validating the synthesis of CuO/nano
g—C3N4.

Furthermore, high-resolution XPS spectra Fig. 4
(b — e) provided detailed insights into the element
valence states and bonding of C, N, Cu, and O. Spe-
cifically, the deconvoluted C 1s spectrum (Fig. 4
(b)) revealed five peaks at 284.48 eV, 286.08 eV,
287.98 eV, 289.38 eV, and 293.58 eV. The peak at
284.48 eV was assigned to adventitious carbon (sp>
C=C) from a thin covering of carbonaceous material
on the synthesized cathodic catalyst surface (Arul-
kumar & Thanikaikarasan, 2024; Jeevarathinam &
Asharani, 2024). Additionally, peaks at 286.08 eV
and 287.98 eV were attributed to C—OH in triazine
units and sp>hybridized C in N-C=N aromatic ring
of g-C;N,, respectively (Vijayalakshmi et al., 2024;
Zhang et al., 2023). Besides, the peaks at 289.38 eV
and 293.58 eV could be attributed to metal-carbonate
bonds and a satellite peak (c* graphitic resonance)
associated with carbon bonds, respectively (Chubar,
2023; Doren et al., 1994).

In the Fig. 4 (¢), N 1s spectrum, two significant
peaks were observed at 398.58 eV and 400.48 eV,
which were assigned to sp>-hybridized N atoms
(C=N-C) and bridging graphitic N atoms in the
three-coordinated N-(C;) groups, respectively (Dong
et al., 2015; Vijayalakshmi et al., 2024). Furthermore,
an additional peak at 404.28 eV is due to a charg-
ing effect caused by m-excitations (Wu et al., 2023).
Meanwhile, the O 1s spectrum (Fig. 4 (d)) exhibited
two main peaks at 530.38 eV and 532.08 eV, corre-
sponding to the O 1s orbital electron state of lattice
oxygen (O*) bonded to metal ions in CuO (Wang
et al., 2024; Zhang et al., 2023).

The Cu 2p XPS spectrum illustrates peaks
at 932.78 eV, 935.38 eV, 943.28 eV, 952.38 eV,
953.98 eV, 956.18 eV and 963.08 eV. The peaks
appear at 932.78 eV and 935.38 eV correspond
to the Cu 2ps, electron orbital state, while those at
952.38 eV and 953.98 eV are attributed to the Cu
2p1, electron orbital state (Shetty & Sudapalli, 2025;
Yang et al., 2024). Moreover, satellite peaks around
the prominent peaks at 943.28 eV and 963.08 eV con-
firm the presence of Cu atoms in the Cu** oxidation
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Fig. 4 XPS spectrum for (a) Overall scan spectrum of Cu0.5GCN9.5, (b) C 1s, (¢) N Is, (d) O 1s and (e) Cu 2p

state in the synthesized cathodic catalyst, attributable
to the d° configuration (Majdoub et al., 2024). There-
fore, it can be confirmed that the CuO/nano g-C;N,
composites have been successfully synthesized.

3.4 Optical Properties of Cathodic Catalysts

Optical  characterization of the synthesized
cathodic catalysts within the UVA and visible light
ranges (360-500 nm) was performed by measur-
ing the reflectance. Figure 5 (a) demonstrates the
Kubelka—Munk function F(R) versus the wavelength
of the synthesized cathodic catalysts. In Fig. 5 (a),
the composites displayed a redshift, extending their
absorption into the visible light range (400-500 nm),
which enhanced their photocatalytic potential under
visible light. Although the composites still absorb
light in the UVA region (315400 nm), with less
prominence compared to the visible range. As
the CuO content increased, the absorbance rose
across both UVA and visible ranges, contributing to
improved photocatalytic activity, with Cu2GCN8
exhibiting the strongest absorption. This suggested
that CuO enhances the photocatalytic performance of
nano g-CsN4 under both UVA and visible light, with

greater CuO content further boosting its photocata-
lytic activity.

From the UV-vis DRS data collected, the
Kubelka—Munk method was applied to estimate the
energy band gaps (E,) of the synthesized samples.
Tauc plot of nano g-C;N,, Cu0.5GCN9.5, CulGCN9
and Cu2GCN8 were constructed and shown in
Fig. 5 (b). The E, of nano g-C;N,, Cu0.5GCN9.5,
CulGCN9 and Cu2GCNS8 were estimated to be
3.08, 2.86, 2.77 and 2.58 eV, respectively. Nano
g-CsNa showed a slight increase to 3.08 eV compared
to a typical E, of 2.89 eV for g-CsNs and this phe-
nomenon could be attributed to quantum confine-
ment effects, where reduced particle size increased
the E, by restricting electron and hole movement,
leading to a blue shift. (Kalisamy et al., 2020; Liu
et al., 2022). When CuO was introduced, the Eg nar-
rowed progressively, with Cu0.5GCN9.5 having a
E, of 2.86 eV <CulGCN9 (2.77 ¢V)<Cu2GCN8
(2.58 eV). The results revealed that increased CuO
content led to a reduction in E,. Consequently,
CuO/nano g-C;N, composites, with their lower E,,
absorbed a wider range of the light spectrum, includ-
ing lower-energy visible and UVA light, which
enhanced their photodegradation efficiency. Among
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Fig. 5 (a) Kubelka—Munk function F(R) versus wavelength and (b) Tauc plot for nano g-C;N,, Cu0.5GCN9.5, CulGCN9 and

Cu2GCNS8

them, Cu2GCNS, with the smallest Eg, is expected
to perform the best in photodegradation and the
highest kinetic rate constant by utilizing more of the
light spectrum. Thus, incorporating CuO into g-CsNa
improved the photocatalytic efficiency by narrow-
ing the E, and enhancing light absorption. making it
more effective for photodegradation processes.

3.5 Dark-State Operation

The PFC system under dark conditions was performed
to verify the role of CuO in supporting ORR within
CuO/nano g-C;N, composites. Since all the PFC sys-
tems utilized the same anode, flow rate and volume
of organic pollutants, the degradation of RR120 was
entirely dependent on the cathodic materials. In the
absence of light irradiation, there was no photocata-
lytic reaction occurring. However, the organic pollut-
ants can be degraded by direct oxidation via direct
electron transfer (Wang et al., 2023). In this study,
ZnO/C, as an anode under dark conditions, still func-
tions as a catalyst, facilitating electrochemical oxida-
tion rather than photogenerated electron—hole pair for-
mation, thereby producing electrons that were moved
to the cathode via the external connection (Phuong
Thi Minh et al., 2019). Besides, organic pollutant
adsorption onto the electrode surfaces (ZnO/C as the
anode and the bare carbon plate as the cathode) con-
tributed to its removal (K K et al., 2024).

@ Springer

Figure 6 shows the RR120 color removal effi-
ciency during a 6-h reaction period under dark con-
ditions. As shown in Fig. 6, nano g-CsN4/C, as a
cathode in the PFC system, showed the lowest color
removal efficiency (14.13%) and generated the low-
est maximum power output (P_,,) of 0.00001 mW/
m?% The generation of electricity provided evidence
that ORR occurred, as electricity needed the trans-
portation of electrons to the cathode from the photo-
anode for ORR to take place. This finding indicated
that, besides adsorption, electrocatalytic activity
also contributed to color removal in the PFC sys-
tem. Furthermore, when CuO was introduced in nano
g-C;N,, the performance of PFC systems of CuO/
nano g-C;N, cathodic catalysts as the cathode showed
a significant enhancement as compared to nano
2-C;N,. It can be observed that a higher CuO wt.%
led to notable improvements in both color removal
efficiency and electricity generation. The PFC sys-
tem of Cu0.5GCN9.5, with the lowest CuO wt.%,
exhibited nearly double the color removal efficiency
(27.67%) compared to nano g-CsNa4 (14.13%). How-
ever, no significant improvement in electricity gen-
eration was observed as almost the same P ,, (0.0001
mW/m2) for both PFC systems. In contrast, the PFC
system of Cu2GCNS8 with the highest CuO wt.%,
achieved a color removal efficiency of 50.14% and a
power output of 0.0013 mW/m?. These findings sug-
gest that under dark conditions, increasing the CuO
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wt.% in CuO/nano g-CsNs composites enhances the
PFC system’s performance in terms of color removal
efficiency and electricity generation facilitated by the
ORR activity.

3.6 Photolysis of RR120 under UVA Light
Irradiation

To investigate the effect of UVA light on the 10 mg
L~! of RR120 degradation, the photolysis of RR120
was conducted under both single light and dual light
sources. Photolysis is an experiment in which light
is directly irradiation to synthetic dye or organic
wastewater, without the addition of photocatalysts,
ensuring that the degradation of the synthetic dye
or organic pollutant is solely dependent on the light
exposure. To confirm the effect of UVA light on the
RR120, the photolysis was conducted under identical
conditions as the PFC systems but without electrodes
for a 6-h reaction time. Fig. S4 shows the UV-Vis
spectra of RR120 photolysis under (a) single UVA
light irradiation and (b) dual UVA light irradiation.
As shown in Fig. S4 (a) and (b), no significant degra-
dation of RR120 was observed at the azo bond peak,
-N=N- (~536 nm), or at the peak corresponding to
benzene and naphthalene rings (~300 nm) under
either condition. The results disclosed that the UVA
light alone does not contribute to the degradation of

RR120 under a 6-h reaction time. Therefore, it can
be concluded that the degradation of RR120 in PFC
systems, whether under single or dual photoelectrode
configurations, was entirely dependent on the PFC
system, as all the other parameters were identical for
all experiments.

3.7 Effect of Different Cathode Materials
on Degradation under Single and Dual
Photoelectrodes Configurations

The impact of nano g-C;N, and CuO/nano g-C;N,
composites as cathodes on the degradation of organic
pollutants in the PFC system under single and dual
photoelectrode configurations was investigated. Fig-
ure 7 (a) and (b) demonstrate the 10 mg L' RR120
color removal efficiency over irradiation time with
different cathodes in PFC under single and dual pho-
toelectrodes configurations, respectively. Under the
single photoelectrode configurations, nano g-CsNa
achieved a color removal efficiency of 85.19%. This
could be due to under single photoelectrode con-
figurations, the nano g-C;N, cathode has not been
activated and just ORR activity happened, produc-
ing «O; (Eq. 4) to facilitate the degradation. In con-
trast, under dual photoelectrode configurations, its
efficiency increased to 96.83%, which is 1.13-fold
higher than the single photoelectrode configurations,
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Fig.7 10 mg L™' RR120 color removal efficiency over irradiation time with different cathodes in PFC system under (a) single pho-

toelectrode configurations and (b) dual photoelectrode configurations

demonstrating the advantage of the dual photoelec-
trodes PFC system. The prominent photocatalytic
activity of nano g-C;N, PFC system under dual
photoelectrodes configurations was attributed to the
stimulation of light toward photocatalysts, which led
to the generation of electron—hole pairs and enhanced
the degradation of the RR120 (Eq. 1, 2 & 3). This
improved the degradation of RR120 by producing
reactive oxygen species (ROS), ¢OH and -O; (Eq. (4)
& Eq. (5)), which further enhanced the degradation
efficiency. Besides that, this enhanced the migration
of electrons from the conduction band (CB) of the
photoanode to the valence band (VB) of the photo-
cathode due to there being more electron-hole pairs
generated, thus facilitating electron transfer, boosting
the ORR at the cathode, and improving the decolori-
zation efficiency of the PFC systems.

Photocathode + hv (light) — Photocathode (eEB + h‘tB)

)]
Photocathode(h;,) + H,0 — H* +-OH 2)
-OH + RR120 — degraded products + e~ 3)
e +0, > -0; 4)
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0, + RR120 — degraded products (3)

Nonetheless, when nano g-C;N, coupled with
CuO as the cathode in the PFC systems under sin-
gle photoelectrodes configurations, the Cu2GCNS8
system achieved the highest decolorization effi-
ciency (85.82%) after 6 h, compared to nano g-C;N,
(85.19%), CulGCN9 (85.04%), and Cu0.5GCN9.5
(84.54%) systems. The efficiency of a photocatalyst
in generating electron—hole pairs is a key factor in
the photodegradation reaction (Mubeen et al., 2023).
When the PFC systems were conducted under the
dual photoelectrode configurations, the decolorization
efficiency significantly improved compared to single
photoelectrodes (Fig. 8). Specifically, the Cu2GCNS
exhibited the highest efficiency at 98.46%, followed
by the CulGCN9 (97.84%), Cu0.5GCN9.5 (97.69%),
and nano g-C;N, (96.83%). This could be due to
light activation of CuO enhancing the photogen-
erated charge in nano g-C;N,, which makes CuO/
nano g-C;N, have more active sites or holes (h*)
for RR120 oxidation. In addition, it was worth not-
ing that during dual photoelectrode configurations,
a higher CuO-to-g-CsNs ratio consistently improved
decolorization efficiency. This enhancement could
be attributed to increased CuO content in CuO/nano
g-C;N, composites, thus improving the optical prop-
erties of CuO/nano composites and increasing the
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Fig. 8 Comparison of RR120 color removal efficiency at
10 mg L~! with different photocathodes in PFC under single
and dual photoelectrode configurations

number of active sites, which were discussed before
in Sect. 3.2. UVA light irradiation further facilitated
photocatalytic reactions at the photocathode, promot-
ing electron—hole pair separation and continuous deg-
radation, thereby enhancing color removal efficiency.
These findings indicate that dual photoelectrode
configurations significantly improve the degradation
performance of the PFC system compared to single

figuration, indicating a higher removal rate of RR120.
This revealed that the cathodic catalysts with the
dual photoelectrode configuration PFC system pos-
sessed higher photocatalytic activity, which could
be observed at t=3. All the cathodic catalysts in the
dual photoelectrode configuration possessed supe-
rior photocatalytic activity (nano g-C;N,=0.3238,
Cu0.5GCN9.5=0.2517, CulGCN9=0.1697, and
Cu2GCN8=0.1551) compared with the respec-
tive cathodic catalysts in the single photoelec-
trode  configuration  (nano  g-C;N,=0.4465,
Cu0.5GCN9.5=0.41924, CulGCN9=0.3381, and
Cu2GCN8=0.1551). This enhancement could be
attributed to the activation of the photocathode to
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Fig. 9 Plot of C/C, over irradiation time with different cathodes in PFC system at 10 mg L~! under (a) single photoelectrode con-

figurations and (b) dual photoelectrode configurations
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create electron—hole pairs, which enhanced the oxi-
dation of RR120 under UVA light irradiation in
dual photoelectrode configurations. Furthermore, it
could be observed that for both single and dual pho-
toelectrode configurations, the photocatalytic activ-
ity improved as the CuO was incorporated into nano
g-C3N, and the photocatalytic activity kept accelerat-
ing as the wt.% of CuO increased up to 10 wt.% of
CuO. Further increasing the CuO content to 20 wt.%
in the composite could hardly improve the photocata-
lytic activity as the removal rate of RR120 was only
found to increase slightly. This indicated that incor-
porating CuO into the g-C;N, could enhance the pho-
tocatalytic activity up to 20 wt.% of CuO in g-C;N,,.
Fig. 10 (a) and (b) represent the kinetic photo-
catalytic degradation for 10 mg L™! of RR120 over
irradiation time with different cathodes in the PFC

a)

204

Nano g-C;N,
Cu0.5GCN9.5 4
CulGCN9

< Cu2GCN8 4

In (C,/C)

0.0 T T T T T
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Time (h)

system under single and dual photoelectrodes con-
figurations, respectively. Table 2 summarises the
kinetic rate based on the Langmuir-Hinshelwood
kinetic model for 10 mg L™ of RR120 over irradia-
tion time with different cathodes in PFC under single
and dual photoelectrode configurations. As shown
in Table 2, all the kinetics models accurately suited
the experimental data with a good correlation fac-
tor (R? ~ 1), validating a positive agreement for the
suited models with experimental results (Ong et al.,
2019). In the single photoelectrode configuration,
Cu2GCNS8 showed the highest apparent rate constant,
K,pp» compared to other photocathode materials in this
study, in which Cu2GCN8 (0.3443 h™") > CulGCN9
(03401 h7!')>Cu0.5GCN9.5 (0.3080 h~')>nano
2-C3N, (0.2910 h™"). While the k,pp Of different photo-
cathode materials for PFC under dual photoelectrodes
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Fig. 10 Kinetic photocatalytic degradation for 10 mg L' of RR120 over irradiation time with different cathodes in PFC system
under (a) single photoelectrode configurations and (b) dual photoelectrode configurations

Table 2 Apparent rate

2 Cathodes Single-photoelectrode Dual-photoelectrodes

constant, k.dpP (h™) of

Pseudo-first order for Apparent rate con- Goodness-of-  Apparent rate con- Good-

different photocathodes stant, kapp ) fit, R? stant, kﬂpp ) ness-of-

fit, R?

Nano g-C;N, 0.2910 0.9929 0.4852 0.9667
Cu0.5GCN9.5 0.3080 0.9994 0.5470 0.9752
CulGCN9 0.3401 0.9967 0.6241 0.9909
Cu2GCN8 0.3443 0.9953 0.6477 0.9919
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configuration increased significantly, following the
order: nano g-C;N, (0.4852 h~')<Cu0.5GCN9.5
(0.5470 h™')<CulGCN9 (0.6241 h~')<Cu2GCN8
(0.6477 h™"). When the PFC systems were switched
from single photoelectrodes configuration to dual
photoelectrodes configurations, the k,,, of the PFC
systems increased and varied from about 40% to
47%, the trends consistent with the decolorization
efficiency of RR120. This improvement indicates
that dual photoelectrode configurations boosted the
performance of the PFC system in terms of color
removal efficiency by activating the photocatalyst
with light, facilitating electrons transfer to O, since
photocathode have the properties to perform oxi-
dation of organic pollutant and released electrons,
which provided more electrons to enhance cathodic
ORR activity and production of «0;, thus giving a
notable increment in the k,,, and decolorization of
RR120

Additionally, it could be noticed that CuO/nano
g-C3N, composites as cathode possessed a higher k,,,
than pristine nano g-C;N, in both configurations of
PFC systems. This improvement could be due to the
synergistic effects of CuO and nano g-C;N,, which
promoted the ORR and enhanced decolorization effi-
ciency. Furthermore, it is worth noting that the k,,
increased with higher CuO content. In this study,
increasing the CuO loading led to a reduction in the
band gap of the cathodic materials (Sect. 3.4). The
reduction of the band gap resulted in large wavelength
absorption, hence improving the photocatalytic deg-
radation and enhancing the kapp (Khatun et al., 2023).
Among these, the PFC system of Cu2GCNS with the
highest CuO content exhibited the highest k,,, dem-
onstrating the fastest color removal rate under both
single and dual photoelectrodes configurations. This
could be attributed to its relatively minor band gap,
which enhanced light absorption and charge utiliza-
tion in the reaction. Since all PFC system setups in
this study were identical except for the cathodic
catalysts, it can be inferred that the increasing CuO
content in nano g-CsNa enhanced the photocata-
lytic activity, thereby improving the degradation of
RR120. Consistent with the results of the degradation
efficiency in both configurations, it can be observed
that the PFC systems with dual photoelectrodes con-
figurations and CuO/nano g-C;N, composites pro-
moted higher degradation efficiency and kinetic rate
than single photoelectrode configurations.

To verify the degradation of the organic pollutant
during the PFC operation, UV—-Vis spectra measure-
ments were conducted. Figure 11 illustrates the time-
dependent UV-Vis absorption spectra of the RR120
under (a) single photoelectrode and (b) dual photo-
electrode configurations for the Cu0.5GCNO9.5. As
seen in both configurations, the characteristic absorp-
tion peaks at approximately 300 nm and 536 nm, cor-
responding to the benzene and naphthalene rings and
—N=N- azo group of RR120, respectively, gradually
decrease with increasing irradiation time, indicating
the progressive breakdown of the dye molecules. The
destruction of these peaks after 6 h of PFC operation
confirms the degradation of RR120.

3.8 Effect of Different Cathode Materials on
Electricity Generation Under Single and Dual
Photoelectrodes Configurations

Fig. 12 (a) and (b) display the polarization curve and
power density curve of the PFC system with differ-
ent cathodes under single and dual photoelectrode
configurations, respectively. Since all the PFC system
setups were consistent in this study, variations in per-
formance could be attributed completely to the differ-
ences in the cathodes, either in single or dual photo-
electrodes configurations. Significant differences in
electricity generation are observed for the PFC sys-
tem with different cathode materials. In a fuel cell,
the maximum power output can be obtained when
the load resistance (R;) is equivalent to its R;; (Ong
etal., 2019). A PFC system with lower internal resist-
ance (R;,) generally enhances the maximum power
density (P,,,) of the system (Guadarrama-Pérez
et al., 2024). As the R, of the PFC system decreases,
it is expected that the charge separation and electron
transfer efficiency from the anode to the cathode will
improve. This subsequently enhances the ORR activ-
ity by accepting electrons at the cathode and thus
generating higher electricity.

Table 3 summarizes the electricity generation perfor-
mance of PFC systems with different cathodes (CuO/g-
CsNs and Pt-based systems) under single and dual
photoelectrode configurations. Under single photoelec-
trode configuration, the pristine nano g-C;N, showed
a relatively low R, (5448.72 Q) with P, =0.43 mW/
m?, while pristine nano g-C;N, under dual photoelec-
trodes showed an increment in R, = (6992.17 Q) and a

mt

doubled P, =1.02 mW/m? This increase in R, may
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Fig. 11 Time-dependent UV-Vis absorption spectra of the RR120 under (a) single photoelectrode and (b) dual photoelectrode con-

figurations for Cu0.5GCN9.5
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Fig. 12 Polarization curve and power density curves of PFC system with different cathodes under (a) single photoelectrode configu-

rations and (b) dual photoelectrode configurations

be contributed to under dual photoelectrodes configu-
rations, the nano g-C;N, under light irradiation would
have the properties of the anode and cathode, result-
ing in the degradation of organic pollutants (oxidation
process) and the release of electrons and H' ions into
the electrolyte, which increased ionic concentration.
The increased ionic concentration might affect charge
transport dynamics, but more significantly, the excess
electrons generated in the system accumulated at the
cathode due to the inherently sluggish ORR activity of

@ Springer

pristine nano g-CsNa. This charge buildup hinders effi-
cient electron transfer, thereby increasing R;,. Despite
this, the dual-photoelectrodes PFC system benefits from
an enhanced photovoltage, which improved charge sepa-
ration and facilitated higher power output, ultimately
leading to a significant increase in P, .

As nano g-C;N, was incorporated with increas-
ing CuO content, the R, of cathodic catalysts
increased under single photoelectrode conditions
(Cu0.5GCN9.5=10,651.30 Q; CulGCN9=7247.29
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Table 3 Electricity generation performance of PFC systems with different cathodes (CuO/nano g-CsN4 and Pt-based systems) under

single and dual photoelectrode configurations

P__(mW/m?)

Cathode Voo (mV) Je. max Rin n Photo-electrode References
(mA/m?) ((9)) (%)
Nano g-C;N,  139.77 15.56 0.43 5448.72 1.80 Single Current study
289.37 25.19 1.02 6992.17 4.25 Dual Current study
Cu0.5GCN9.5 235.00 14.07 0.85 10651.30 3.55 Single Current study
207.87 30.00 1.35 4420.12 5.63 Dual Current study
CulGCN9 208.57 18.15 0.94 7247.29 3.94 Single Current study
208.20 29.93 1.13 5094.51 4.69 Dual Current study
Cu2GCNS8 190.70 11.85 0.54 10108.96 2.26 Single Current study
108.63 17.04 0.43 4145.62 1.79 Dual Current study
Pt/C Not specified 41.00 2.80 Not specified Not specified Single (Lee et al., 2018)
Pt 500.00 58.60 89.00 Not specified Not specified Single (Deng et al., 2018)
Pt/C 355.30 56.00 5.28 Not specified Not specified Single (Ong et al., 2019)
Pt/C 455.00 788.00 91.78 Not specified 7.08 Single (Ong et al., 2020)
Pt 414.00 Not specified 27.07 Not specified Not specified Single (Yong et al., 2022)
Pt/C 328.80 237.04 17.14 Not specified Not specified Single (OrYang et al., 2025)

Q; Cu2GCN8=10,108.96 Q) but was accompanied
by an increased in P,, for Cu0.5GCN9.5 (0.85 mW/
m?), CulGCN9 (0.94 mW/m?*) and Cu2GCN8 (0.54
mW/m?), compared to pure nano g-C;N, (5448.72 Q;
P_..=0.43 mW/m?). The increase in R,,, when CuO
is incorporated into nano g-C;N, could be attributed
to CuO remaining inactive as a semiconductor in
the absence of UVA light irradiation. Consequently,
insufficient photoactivation of CuO increases internal
resistance by introducing additional charge transfer
barriers, leading to higher R;, in CuO/nano g-C;N,
composites. Despite the higher internal resistance of
CuO/nano g-C;N, composites, the presence of CuO
in Cu0.5GCN9.5, CulGCN9 and Cu2GCNS8 still
improved photocatalytic activity, resulting in higher
P..x compared to pristine nano g-CsNa. This ten-
dency could be attributed to the potential of CuO/
nano g-C;N, composites as electron acceptors due to
CuO being a p-type semiconductor, which has more
electronegativity.

Under dual photoelectrodes configurations, the
R;, of cathodic catalysts (Cu0.5GCN9.5=4420.12
Q; CulGCN9=5094.51 ) was significantly
reduced, resulting in enhanced electricity genera-
tion (Cu0.5GCN9.5: P, = 1.35 mW/m?* CulGCNO:
P,.x=1.13 mW/m?) compared to their single pho-
toelectrode counterparts. This could be due to the
photoactivation of both CuO and nano g-C;N, under

UVA light irradiation, which induced a synergistic
effect between the two materials. This resulted in an
internal electric field formed at the interface of CuO
and nano g-C;N,, improved interfacial charge transfer
at the CuO-g-CsN4 junctions, and enhanced electron
mobility. This field reduced the electron-hole pairs
recombination, thus facilitating the ORR and improv-
ing power output when the CuO/nano g-C;N, com-
posites were under light irradiation (Qin et al., 2025).
Interestingly, despite Cu2GCN8 exhibiting the lowest
R;, (4145.60 ), its power output (J,,=17.04 mA/
m? and P =043 mW/m?) was lower than
Cu0.5GCN9.5, CulGCN9 and even the pristine nano
g-C;N,. This abnormal phenomenon can be explained
by CuO trapping electrons on its surface or at inter-
faces (Bandaranayake et al., 2024; Van Cakenberghe
et al., 1981). The results revealed that it acted as an
efficient photocathode when it was in lower or opti-
mum ratios of CuO and g-C;N,. However, when the
ratio of CuO is too high in CuO/nano g-C;N,, the
CuO traps excessive electrons, leading to increased
charge recombination. As a result, instead of facilitat-
ing efficient electron movement from the anode to the
CuO/nano g-CsNa4 cathode, the reaction is hindered,
limiting the ORR activity and reduced power output.
Overall, the results suggest that while reducing R,
is essential for improving the electricity generation
in PFC, other factors, such as ratios of CuO to nano
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2-C;N,, must also be optimized. Among the cathodic
catalysts, Cu0.5GCNO.5 under dual photoelectrodes
configurations PFC system exhibited the best overall
balance between low R, and the highest electricity
generation.

In this study, V. is an important parameter
that evaluates the photoelectrochemical activity
of the cathode materials. It is the maximum volt-
age produced by the PFC under zero drawn current
and is affected by the charge separation efficiency,
recombination losses of the system (Blakesley &
Neher, 2011). A higher V. typically represents
higher photogenerated charge carrier separation
and lower recombination. Under single photoelec-
trode configurations, Cu0.5GCN9.5 recorded the
highest V., (235.00 mV), which suggests that CuO
incorporation is attributable to enhanced charge
separation by producing a heterojunction with nano
g-C3Na4. On the contrary, nano g-CsNa exhibited a
lower V. (139.70 mV), likely due to its limited
capability in charge separation. But in the dual-
photoelectrode setup, nano g-CsNa reflected sig-
nificantly higher V.. (289.37 mV), which was the
highest among all samples. This improvement may
be attributed to symmetric illumination of both
electrodes, which activated nano g-CsNa to gener-
ate electron—hole pairs. The photogenerated holes
and electrons facilitated RR120 degradation and
ORR activity at the cathode, reducing recombina-
tion losses and enhancing electron flow from anode
to cathode, thereby optimizing the photovoltage
output. Despite the high V ., nano g-CsNa showed
a relatively lower P, (1.02 mW/m?) compared
with Cu0.5GCN9.5 (1.35 mW/m?), reflecting its
inherent limitations in photocurrent generation and
charge transport.

Additionally, CuO incorporation with nano g-C;N,
enhances the power output at the cathode on opti-
mum ratios, as evidenced by the higher J . values
observed for CuO-modified catalysts compared to
nano g-C;N, alone (Table 3). It was reported that
materials with efficient light absorption, charge
separation, transport, and collection are required to
produce high J . (Khampuanbut et al., 2024; Zhao
et al,, 2022). Under dual light conditions, the J
of Cu0.5GCN9.5 and CulGCNY9, which achieves
relatively higher J, 30.00 mA/m? and 29.93 mA/
m?, respectively compared to pure nano g-C;N,
(25.19 mA/m?), indicating CuO enhanced electricity
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generation of the systems by making the composites
become more effectively in light absorption, charge
separation and charge collection at the cathode (Lie
et al., 2018). Thus, the performance of electricity
generation of the PFC systems decreased, followed
by the order of Cu0.5GCNO9.5>CulGCN9>nano
g-C;N,>Cu2GCN8. The Cu0.5GCN9.5 has the
highest performance could be due to improved light
absorption and enhanced charge separation, result-
ing in a higher ORR activity, as evidenced by signifi-
cant differences in cathode potential, with all systems
being identical.

Since the energy conversion efficiency in PFC
mainly relies on the ORR activity, the greater the
energy conversion efficiency (1) of the PFC system,
the higher the ORR activity at the cathode. Among
all the photocathodes, Cu0.5GCN9.5 demonstrated
the highest n, particularly under the dual-photoelec-
trode configuration, achieving 5.63% efficiency with
a well-balanced V. (207.87 mV) and J . (30.00 mA/
m?). This could be attributed to the optimal incor-
poration of CuO into nano g-C;N,, which enhanced
light absorption, promoted efficient charge separa-
tion through heterojunction formation, and improved
ORR activity as well as maintaining a relatively low
R;,.. These combined properties made Cu0.5GCN9.5
the most effective photocathode for electricity gener-
ation in the dual photoelectrode configuration in the
PFC system.

To further evaluate the performance of the pre-
pared CuO/nano g-CsN4 composites, the obtained
power output values were compared with those
reported in a previous study in Table 3. The ref-
erence study employed Pt-based cathode materials
but used a comparable PFC configuration, allowing
for a meaningful comparison. As shown in Table 3,
the power output values of the synthesized com-
posites were lower than those of Pt-based systems,
which could be due to the superior intrinsic ORR
activity of Pt (Madima & Raphulu, 2025; Ouyang
et al., 2022; Qin et al., 2022). Although Pt-based
PFC systems exhibit higher V , J ., and n values
compared to CuO/nano g-CsNs composites, their
high cost and scarcity limit their large-scale appli-
cation. In this study, the results demonstrated that
CuO/nano g-CsNa4 composites could operate as
cost-effective, sustainable cathode materials and
fulfill the primary objective of this work, which
is to explore an alternative cathode material to
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enhance pollutant degradation and ORR activity in
PFC systems, while electricity generation is con-
sidered a secondary outcome.

3.9 Reusability and Stability of Electrodes

To evaluate the performance and behaviour of
Cu0.5GCN9.5, the transient photocurrent has been
measured for five consecutive cycles. Figure 13 (a)
shows the transient photocurrent of Cu0.5GCN9.5
for five consecutive cycles. As shown in Fig. 13
(a), it can be observed that there are consistent rises
and falls of the transient photocurrent during light-
on and light-off cycles, which confirms that the
Cu0.5GCN?9.5 is responsive to light and can generate
photoexcited charge carriers under illumination. In
the first cycle, the photocathode exhibits the highest
photocurrent density with sharp, stable spikes dur-
ing illumination, indicating efficient charge separa-
tion and transport, as well as strong photosensitiv-
ity to UVA light, highlighting the proposed PFC’s
excellent reproducibility in photocurrent generation.
However, as the cycles progressed, a gradual decline
in photocurrent density was observed in subsequent
cycles. Despite this decrease, the consistent shape and
response of the photocurrent spikes suggest that the
photocathode retains significant activity throughout
the experiment, reflecting its relative stability under
repeated operation. This phenomenon may be due to
photocatalyst degradation over time due to prolonged
exposure to UVA and photo-corrosion, and results
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in electron-hole pairs recombination, leading to a
decrease in the number of free charge carriers con-
tributing to the photocurrent (Dimitropoulos et al.,
2024). These results emphasize the Cu0.5GCNO.5
photocathode’s durability while also identifying
areas for improvement. Future studies could focus
on enhancing long-term performance by mitigating
surface fouling and reducing recombination effects
through material modifications.

Fig. 13 (b) shows the recyclability evaluation for
Cu0.5GCN9.5 photocathode in the degradation of
RR120. As shown in Fig. 13 (b), Cu0.5GCNO9.5
photocathode showed a gradual decline in photo-
catalytic efficiency over five cycles, as indicated by
the increasing time required for complete degrada-
tion of the reactant. After 30 h of operation, a mini-
mal performance loss of approximately 4.04% was
observed, likely due to surface deactivation caused by
the adsorption of reaction intermediates or by-prod-
ucts blocking active sites. Despite this minor decline,
these results indicated that the Cu0.5GCN9.5 photo-
cathode remained highly active throughout the five
consecutive cycles, demonstrating its excellent stabil-
ity during the photocatalytic process

3.10 Proposed Mechanism of Dual Photoelectrodes
in PFC System

To further clarify the electron transfer behaviour
between the photoanode and photocathode, the
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Fig. 13 (a) Transient photocurrent and (b) recyclability test of Cu0.5GCN9.5 for five consecutive cycles
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mechanism of dual photoelectrodes is discussed. In
this study, the band edge potentials of the VB and CB
of ZnO, nano g-C;N, and CuO were determined by
using the following equations (Ong et al., 2019; Serra
etal., 2021):

Eyg = X —E® +0.5E (6)

Ecp = X - E° - 0.5E, 7

where X is the electronegativity of the materials, E®
is the energy of free electrons on the hydrogen scale
(approximately 4.50 eV) and E, is the band gap
energy of the materials (3.22 eV for ZnO (Ong et al.,
2019), 3.08 eV for nano g-C5N, and 1.70 eV for CuO
(Allouche et al., 2025)). The X of ZnO, nano g-C;N,
and CuO are 5.79, 6.91 and 5.81 eV, respectively
(Ong et al., 2019; Praus, 2021; Serra et al., 2021).
According to the formula Eq. (6) and (7), the Eyp of
ZnO0, nano g-C;N, and CuO were calculated as 2.90,
3.95 and 2.16 eV, respectively, while for the Eg, the
Ecg of ZnO, nano g-C;N, and CuO were calculated
as —0.32, 0.87 and 0.46 eV, respectively.

In this work, the Fermi level positions were not
experimentally determined but were estimated accord-
ing to previously published data. According to the lit-
erature, the Fermi level of a p-type semiconductor is
typically positioned close to its VB, whereas that of
an n-type semiconductor lies near the CB (Ahmed
et al., 2024; Eroglu & Metin, 2023; Qin et al., 2025b;
Ren et al., 2022). For instance, the Fermi level of
7ZnO is reported to be approximately 0.9 eV below the
CB, corresponding to an energy level of around 0.58
eV (Gao et al., 2011; Ong et al., 2019; Zheng et al.,
2009). In the case of g-CsNa, Li et al., (2016) reported
that the Fermi level lies about 1.78 eV above the VB
within a band gap of 2.8 eV, indicating that Fermi
level is close to the CB. Similarly, (Zehtab Salmasi
et al., 2025) found the Fermi level to be 2.25 eV above
the VB in a band gap of 2.6 eV, also suggesting a CB-
proximal Fermi position. In contrast, CuO, a typi-
cal p-type semiconductor, has its Fermi level located
approximately 0.2-0.24 eV above the VB (Shao et al.,
2011). Therefore, based on these reported values, the
Eyg, Ecp, and Fermi level positions of ZnO, nano
2-C5Ns and CuO were estimated and illustrated sche-
matically in Fig. 14 to describe the mechanism of dual
photoelectrodes configurations PFC system and the
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possible formation of a heterojunction between the
two semiconductors.

In Fig. 14, when the two semiconductors, n-type
and p-type, come into contact, the diffusion of elec-
trons and holes occurs, and a p—n junction with a
space-charge region is formed at the interfaces, which
creates an internal electric field that can direct the
electrons to the positive side and holes to the negative
side of the internal electric field (Wang et al., 2014;
Zeng et al., 2025). Upon light irradiation, both semi-
conductors absorb photons with energy equal to or
greater than the band gaps and generate electron—hole
pairs. The photoexcited electrons in the CB of CuO
transfer to the CB of g-C;N, through the established
p—n junction interface. Conversely, the photogen-
erated holes in the VB of g-C;N, migrate toward the
VB of CuO. This spatial migration of electrons and
holes effectively suppresses charge recombination
(Wang et al., 2014). As a result, electrons accumu-
lated in g-C;N, actively participate in the ORR, while
holes in CuO facilitate the oxidation of pollutants or
sacrificial species.

Meanwhile, in Fig. 14 at the photoanode (ZnO),
light excitation generates photogenerated holes that
oxidise water or organic molecules, releasing elec-
trons into the external circuit. The photoexcited elec-
trons flow spontaneously from the photoanode to the
photocathode due to the difference in Fermi level
potentials and the internal bias established between
the two photoelectrodes (Cai & Feng, 2016). The
Fermi level of ZnO photoanode is generally higher
than that of the CuO/nano g-CsN4 photocathode, and
this potential bias leads to spontaneous and sustains
the continuous movement of electrons transfer from
photoanode to photocathode (Zhong et al., 2025). At
the photocathode surface, these electrons participate
in the ORR, which serves as the terminal reduction
process and driving force for further electron transfer
from the photoanode in the PFC system. In addition,
the p-n heterojunction between CuO and nano g-CsNa
improved charge separation and enhanced ORR activ-
ity, minimizing recombination losses and ensuring a
steady flow of charge carriers between the photoan-
ode and photocathode (Zhu et al., 2021). Therefore,
this dual photoelectrodes configuration PFC system
with CuO/nano g-C;N, as photocathode improves
both power generation and pollutant degradation
efficiency in the photocatalytic fuel cell, and this is
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Fig. 14 Schematic diagram for mechanism of dual photoelectrodes configurations in PFC system and the possible formation of a

heterojunction between the CuO/nano g-C;N, composite

in good agreement with the results and discussion in
Sects. 3.7 and 3.8, which the pollutant degradation
and electricity generation for the dual photoelectrodes
configuration are superior to the single photoelec-
trode configurations.

4 Conclusion

In conclusion, a comparative study of the pristine
nano g-C;N, and CuO/nano g-C;N, composites
loaded on a carbon plate as a cathode for application
in PFC was investigated in single and dual photoelec-
trode configurations, respectively. This study explored
the potential of CuO/nano g-CsNs4 composites, par-
ticularly with an optimal CuO loading of 5 wt.%
(Cu0.5GCNO.5) — as efficient photo(electro)catalyst
materials in dual photoelectrode PFC configurations.
Cu0.5GCN?9.5 outperformed nano g-CsNas, Cul GCN9
and Cu2GCNS8, achieving the overall highest perfor-
mance with a color removal efficiency of 98% and
a power output of 1.35 mW/m?. Moreover, the dual

photoelectrode configuration further enhanced per-
formance, delivering over 13.14% greater decol-
orization efficiency and 1.58 times more electricity
generation than the single electrode configuration for
Cu0.5GCN9.5 due to improved electron transfer and
reduced charge recombination, thus increasing ORR
activity of the cathode as the photo(electro)catalyst
was activated by UVA light. Additionally, the CuO/
nano g-CsNa composites exhibited higher apparent
rate constants (kap) compared to the pristine nano
g-C;N,, indicating more expeditious RR120 decol-
ourisation efficiency in the PFC system.
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